ABSTRACT Two-dimensional control over the location of proteins on surfaces is desired for a number of applications including diagnostic tests and tissue engineered medical devices. Many of these applications require patterns of specific proteins that allow subsequent two-dimensionally controlled cell attachment. The ideal technique would allow the deposition of specific protein patterns in areas where cell attachment is required, with complete prevention of unspecific protein adsorption in areas where cells are not supposed to attach. In our study, collagen I was used as an example for an extracellular matrix protein known to support the attachment of bovine corneal epithelial cells. An allylamine plasma polymer was deposited on a silicon wafer substrate, followed by grafting of poly(ethylene oxide). Two-dimensional control over the surface chemistry was achieved using a 248 nm excimer laser. Results obtained by XPSand AFM show that the combination of extremely low-fouling surfaces with excimer laser ablation can be used effectively for the production of spatially controlled protein patterns with a resolution of less than 1 tm. Furthermore, it was shown that bovine corneal epithelial cell attachment followed exactly the created protein patterns. The presented method is an effective tool for a number of in vitro and in vivo applications.
INTRODUCTION
The two-dimensional control over protein patterns on surfaces is of increasing interest for a number of applications including diagnostic tests and biosensors as well as several medical and dental implants [1 ,2] . Many of these applications require patterns of specific proteins that allow subsequent two-dimensionally controlled cell attachment. Examples for such applications include cell-based biosensors and tissue engineered implants. In addition, cell patterns on surfaces represent an important tool for fundamental studies in cell biology and studies of cell-material interactions [3, 4] . Figure 1 shows the mechanism of cell attachment via extracellular matrix (ECM) proteins present on a substrate surface.
All stages of cell attachment and spreading involve "probing" of the surface for specific ligands. Particularly the integrins, a family of transmembrane glycoproteins, play an important role in the process of cell attachment and spreading. Specific interactions of integrins with ECM proteins link the cell cytoskeleton to the material surface.
Therefore, the key to the spatial control over cell attachment on surfaces is the spatial control over protein adsorption or immobilization, in particular over adsorption or immobilization of ECM proteins [5, 6] . In addition, proteins such as growth factors can be immobilized on surfaces to allow the spatially controlled regulation of cell functions such as proliferation and differentiation [7] . An important consideration for the production of protein and cell patterns is the resolution that has to be achieved. In the case of mammalian cells, single cells usually have a diameter of 10-100 im after attachment and spreading. Therefore, a method which aims for a resolution that allows control over the attachment of single cells requires the resolution of features with a size of ca. 1 tm. In addition, it is important to distinguish between effects resulting from the surface chemistry and the surface topography. The sensitivity of cells to topographic features as shallow as 30-100 nm has been shown for several cell types [8] . A variety of methods have been used to produce protein patterns on surfaces. Examples include photolithography and photochemistry, laser lithography, ablation and vapor deposition, microwriting, ion implantation and soft lithography [9, 10] . All of the above methods aim for two-dimensional control over the surface chemistry, in most cases a surface chemistry that supports protein adsorption and in addition a surface chemistry that reduces protein adsorption. However, unspecific protein adsorption remains to be a significant challenge for most surface chemistry approaches. In particular the fact that cells are producing their own extracellular matrix proteins requires a surface chemistry which completely prevents rather than reduces protein adsorption after the initial stages of cell attachment and spreading.
In this study, the aim was to achieve two-dimensional control over surface chemistries showing extremely high and extremely low adsorption of the target protein collagen I. Radio frequency glow discharge (rfgd) deposited allylamine plasma polymers (ALAPP) have shown excellent collagen I adsorption and subsequent cell attachment results when deposited on a variety of substrate materials [1 1] . In addition, ALAPP surfaces provide amino groups which are suitable for the covalent attachment of graft polymers. Grafting of poly(ethylene oxide) (PEO) on amino functionalized ALAPP surfaces via covalent immobilization of monomethoxy aldehyde PEO under 'cloud point' conditions has recently been shown to exhibit extremely low protein adsorption [12, 13] . It has been shown that adhesion and spreading of bovine cornea! epithelial cells can be prevented on ALAPP-PEO surfaces [14] .
The surface chemistry described above is unique since plasma polymers such as the allylamine plasma polymer can be deposited on almost any substrate material in thin, pinhole-free films with excellent adhesion. A method for twodimensional control of cell attachment based on plasma polymer deposition therefore allows two-dimensional control over cell attachment on almost any substrate material. In addition, the unique combination of a plasma polymer (ALAPP) providing excellent cell attachment and an additional graft polymer (PEO) preventing cell attachment can be exploited by controlled removal of the thin PEO graft polymer layer without exposing the substrate material.
A method that has been described for controlled thickness ablation of polymers is excimer laser ablation [15] . Photons emitted from an excimer laser source have an energy which is greater than the binding energy of most polymeric materials. Therefore, above a material-specific laser energy density (or fluence, expressed in JIcm2), ablative photodecomposition occurs and material is explosively ejected from the target. Much of the ejected polymeric material is quickly transformed to gaseous products which travel away from the target at high velocity. However, some material does recondense around the ablated site forming a characteristic debris field. Excimer laser ablation has found applications throughout manufacturing and research in areas such as micromachining of polymers, ceramics, glasses and biological materials, patterning and deposition of thin films, annealing of semiconductors, exposure of photoresists and surface modification [16, 17] .
The method of laser ablation through a photomask used in this study has also been described previously for the production of two-dimensionally controlled surfaces for biomedical applications [1 8, 19 Plasma polymerization Plasma polymerization was carried out in a custom-built reactor as described elsewhere [22] . Briefly, the cylindrical reactor chamber is defined by a height of 35 cm and a diameter of 17 cm. Samples were placed on the lower, circular electrode with a diameter of 9.5 cm while the upper electrode was U-shaped. The distance between the electrodes was 12.5 cm. Allylamine (Aldrich, 98% purity) was used as the monomer. The parameters chosen for plasma polymer deposition were a frequency of 200 kHz, a power of 20 W and an initial monomer pressure of 0.200 mbar. The treatment time was 30 s, which results in a pinhole-free plasma polymer with a film thickness of ca. 30 nm. Only samples produced on PEP substrates for protein adsorption and subsequent XPS experiments were prepared with a treatment time of 10 s.
PEO grafting
Grafting of monomethoxy aldehyde poly(ethylene oxide) PEO with a molecular weight of 5000 (Shearwater Polymers, Huntsville AL, USA) on the freshly deposited ALAPP surfaces was carried out by reductive amination using NaCNBH3 (Sigma, 90% purity) as the reducing agent. The grafting was performed under 'cloud point' conditions at 60°C in 0. 1 M sodium phosphate buffer at pH 7, containing 1 1% (wlv) K2504.
Excimer laser ablation Ablation experiments were carried out using a 248 nm KrF excimer laser with an energy density of 125 mJ/cm2 and 4 pulses per area with a pulse duration of 20 ns and a frequency of 50 Hz. Samples were micromachined using an excimer laser system Series 8000 (Exitech Limited, UK) equipped with a Lambda Physik LPX21Oi laser source. The beam delivery system contains beam shaping and homogenisation optics to create a uniform, square beam at the plane of a mask held on an open frame CNC controlled X-Y stage set. The double fly's eye homogeniser has a numerical aperture (NA) of 0.01 and produces 12 x 12 mm uniform illumination at the mask plane in which 80% of the pulse energy at the mask has an intensity variation of less than RMS monitored using an on-line beam profiler. Chrome on quartz masks were used to pattern the substrate material. In mask projection machining the actual size of the image is determined by the demagnification of the projection lens and the machining area required on the workpiece [23] . The lens used for this work had a 1 : 10 demagnification factor, NA of 0.3, a 1 .5 mm diameter field and a theoretical optical resolution of 0.8 rim. The setup of the homogeniser and the projection lens produced a partial coherence factor of 0.2. xPS analysis X-ray photoelectron spectroscopy (XPS) analysis of surface modified samples was performed on an AXIS HSi spectrometer (Kratos Analytical Ltd.), equipped with a monochromatized Al Ka source. The pressure during analysis was typically 5 x 108 mbar. The elemental composition of samples was obtained from survey spectra, collected at a pass energy of 320 eV. Binding energies were referenced to the aliphatic carbon peak at 285.0 eV.
AFM analysis
All AFM experiments were performed using a Digital Instruments (St. Barbara CA, USA) Nanoscope Multimode microscope. Imaging was performed in tapping mode. Coating thickness analysis was carried out as described elsewhere [24] . Briefly, poly(D,L-lactide) [PDLLA] was solvent casted from a 10 % (w/v) solution of the polymer in acetone. The area to be masked was covered with the solution using a 100 tl pipette and air dried for a minimum of 5 minutes, prior to plasma polymer deposition. In the case of thin (<50 nm) plasma polymer films on Si wafer and FEP substrates, the mask was readily lifted off the substrate using a scalpel or forceps.
Cell culture experiments After pre-coating of samples with collagen I (vitrogen®) at a concentration of 50 tg/ml, biological responses were analyzed in cell culture experiments using bovine corneal epithelial (BCEp) cells as described previously [25] . Briefly, BCEp cells were seeded at 2x105 cells/ml and incubated for four days at 37°C. After fixation of the cells with formolsaline and staining with 0. 1 % eosin-Y in PBS, cell attachment patterns were documented using a confocal scanning laser microscope (Kr/Ar laser, 568 nm).
RESULTS AND DISCUSSION
The approach for two-dimensional control over the presence of proteins on surfaces presented in this study is based on excimer laser ablation of a material surface representing 3 layers. Figure 2 shows the principle used in this study for patterning of the surface chemistry via laser ablation of ALAPP-PEO coatings on FEP or Silicon wafer (Si) substrates. Excimer laser ablation is carried out using a mask in the laser beam to produce a particular pattern. The goal is the complete removal of the PEO graft polymer and the exposure of the allylamine plasma polymer as shown in Figure 2 , while exposure of the substrate material has to be prevented.
PEO graft polymer
Allylamine plasma polymer AFM and XPS experiments have identified the optimum conditions for the complete removal of the PEO graft polymer and partial removal of the allylamine plasma polymer, deposited as described in the experimental part, in a previous study [26] . Briefly, the thickness of the pinhole-free plasma polymer layer was determined to be ca. 30 nm by AFM, whereas the dry thickness of the PEO graft polymer was determined to be less than 10 nm by XPS. An energy density of 125mJ/cm2 and 4 laser pulses were identified as the optimum conditions.
In addition, AFM investigations previously indicated that the PEO graft polymer is more readily ablated than the allylamine plasma polymer. A comparison of the coating thickness on Si-ALAPP and Si-ALAPP-PEO samples after ablation with 4 laser pulses at an energy density of 125 mJ/cm2 gave the same results for both surfaces in regard to the remaining thickness of the allylamine plasma polymer (8 nm). A thickness measurement of the plasma polymer layer in this particular experiment revealed a thickness of 29 nm [26] .
To investigate the effect of laser ablation on the allylamine plasma polymer, a laser ablated Si-ALAPP sample (125mJ/cm2, 4 pulses) was examined using AFM. Figure 3 shows the AFM section analysis of an ablated area with a diameter of 50 tim, indicating an ablated thickness of 24 nm. In addition, the section analysis shows that ablation of the plasma polymer occurs evenly, removing a defined thickness of the plasma polymer, with well resolved edges around the ablated circle. A destruction of the plasma polymer, producing coating fragments or surface cracks was not observed. Figure 3 also demonstrates that the amount of debris produced during laser ablation is negligible. Debris particles produced in the laser ablation process are a concern in regard to protein adsorption and cell attachment experiments. However, since no indication for significant deposition of debris particles was found on the samples produced for this study, samples were used for protein adsorption and cell culture experiments without further treatment.
The sensitivity of cells to topographic features as shallow as 30-100 nm has been reported for several cell types as mentioned above. With an ablated thickness of only 24 nm, the cell attachment behavior is therefore expected to be dependant only on effects resulting from the surface chemistry, while the surface topography produced by the laser ablation process is expected to have no influence. Figure 3 : Section analysis of a laser ablated Si-ALAPP surface As mentioned above, a method for two-dimensional protein patterning for mammalian cell attachment applications should ideally allow the resolution of features with a size of 1 tm. The mask used to test the minimum feature size that can be produced on Si-ALAPP surfaces consisted of a collection of thin bars. The bars were 2.5 mm long and varied in size from 25 tm wide on a 50 m pitch down to 1 tm wide on a 2 tm pitch. From AFM experiments it wasconcluded that features with the size of ca. 1 tm can be resolved at an energy density of 125 mJ/cm2, which is close to the theoretical resolution of 0.8 m.
To investigate the effect of protein adsorption, XPS experiments were perfomed on FEP film substrate material as shown in Table 1 . The elemental composition of the FEP substrate surface is consistent with the expected theoretical composition of the polymer. XPS analysis of a freshly deposited allylamine plasma polymer on the FEP substrate (PEP-ALAPP) shows almost complete attenuation of the fluorine signal, indicating the deposition of a plasma polymer film with a thickness of ca. 10 nm (the information depth of the XPS for polymers). The high resolution Cis spectrum shows a broad peak, typical for plasma polymers, which is associated with a variety of chemical structures formed during plasma polymer deposition. The high nitrogen content of 13.9 % is indicative of a large number of amine functional groups available on the surface. Additional grafting of monomethoxy aldehyde poly(ethylene oxide) PEO to the amine functional groups via reductive amination (FEP-ALAPP-PEO) leads to a significant decrease in the nitrogen content to 6.8 % due to the presence of the graft polymer layer which does not contain the element nitrogen. The fact that a significant amount of nitrogen is still detected implies that the average thickness of the dry graft polymer layer is significantly below 10 nm. In addition, the amount of oxygen detected on the FEP-ALAPP-PEO surface has increased significantly compared to the FEP-ALAPP surface (22.6 % versus 1 1 .2 %) as expected.
The elemental composition of an FEP-ALAPP surface after adsorption of collagen I at a concentration of 50 jig/ml (FEP-ALAPP-COLL) shows only little change in comparison to the FEP-ALAPP surface. The nitrogen content of 14.7 % in particular is similar both to the composition found on the FEP-ALAPP and the theoretical composition of proteins [27]. However, Cis and Nis high resolution spectra confirm that significant amounts of protein are adsorbed on the surface. In comparison, no change of the elemental composition (within the experimental error) can be detected after protein adsorption on an FEP-ALAPP-PEO sample (FEP-ALAPP-PEO-COLL), indicating that the amount of collagen I adsorbed on the surface is below the detection limit of the XPS method. In conclusion, the XPS results shown in Table 1 confirm that the ALAPP surface exhibits high collagen I adsorption, while the ALAPP-PEO surface prevents the adsorption of collagen I.
The aim of cell culture experiments carried out in this study was to show that two-dimensional control over cell attachment can be achieved via control over spatially controlled collagen I adsorption with sufficient resolution for the attachment of single cells. Previous studies have shown prevention of BCEp cell attachment on Si-ALAPP-PEO surfaces and excellent cell attachment on laser ablated ALAPP surfaces, in both cases after precoating with collagen I [26] . Therefore, ablated areas (with the exposed ALAPP surface) were expected to support cell attachment, whereas nonablated areas were expected to remain free of cells. Again, 4 laser pulses at an energy density of 125 mJ/cm2 were used for preparation of samples. Figure 4 A shows a light microscopy image of an Si-ALAPP surface after excimer laser ablation. The ablated area with a diameter of approximately 50 im is clearly visible and well resolved. Figure 4 B shows the matching confocal microscope image of an Si-ALAPP-PEO sample after excimer laser ablation, subsequent collagen I adsorption, BCEp cell culture for 4 days, fixation and staining with eosin Y. Clearly, cell attachment is only supported in areas where the laser ablation has exposed the allylamine plasma polymer and where collagen I has adsorbed. PEO-grafted areas show a complete lack of cell attachment due to the prevention of collagen I adsorption. It is important to note that significant effects of debris leading to cell attachment outside the ablated areas were not observed. Figure 5 shows an example for the possibilities that this technique has to offer. Here, light microscopy and confocal scanning laser microscopy images produced as described for Figure 4 demonstrate the suitability of the method for the production of cell arrays. 
CONCLUSION
In this study, the combination of a unique surface chemistry, based on the deposition of an allylamine plasma polymer and the subsequent grafting of poly(ethylene oxide), with controlled nanometer thickness ablation by excimer laser irradiation has been investigated. In conclusion, two-dimensional control over the surface chemistry was achieved in a fast, one-step method using a 248 nm excimer laser at an energy density of 125 mJ/cm2, resulting in a resolution of ca 1 rim. Subsequent protein adsorption allowed the production of spatially controlled protein patterns. The use of protein patterns for the spatial control over cell attachment was investigated using the protein collagen I in combination with bovine corneal epithelial cells. Cell culture experiments showed that cell attachment follows exactly the protein pattern produced on the surface. XPS and cell culture experiments show complete prevention of collagen I adsorption as well as cell attachment in areas where the poly(ethylene oxide) graft polymer is present, whereas laser ablated areas show high protein adsorption and cell attachment. The presented method is an effective tool for a number of in vitro and in vivo applications.
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